We first report a novel route to synthesize centimeter-scaled polypyrrole (PPy) fiber in the presence of oligo-polyacrylamide. The Fourier transform infrared and ultraviolet-visible spectra reveal that the fiber is in high conductive state. The PPy fibers have a uniform diameter of 300 μm, and length varying from several millimeters to 4 cm. The temperature dependence of electrical conductivity reveal that the transport properties of PPy fibers should be dominantly characterized by phonon-assisted hopping mechanism. Polymer-directed crystal growth may provide promising routes to rational synthesis of various ordered organic materials with complex form and structural specialization.
Introduction
During the past two decades, a wide variety of electrically conducting polymers have been extensively researched due to their exclusive physical properties [1] [2] [3] . Of all these conducting polymers, polypyrrole (PPy) is one of the most promising candidates for its high electrical conductivity, good thermal and environmental stabilities [4] [5] [6] . Usually, PPy can be easily synthesized from a pyrrole monomer by either the electrochemical method to yield powder. Among the studies reported, many scientific works focused on the electropolymerization of PPy, and the effects of synthesis conditions have received considerable attention [7] . Recently, PPy nanostrcutures, such as nanotubes, nanofibers and nanowires have been synthesized using nanoporous particle track-etched membranes as templates [8] [9] [10] . In particular, Wan et al. [11] reported that PPy microtubes could be synthesized by in-situ doping polymerization in the presence of β-naphthalenesulfonic acid as the dopant. This is termed the template-free method because no template is involved.
Morphosynthesis, the control of architecture, morphology and the patterning of materials with dimensions ranging from nanometer to macroscopic scale, have rapidly developed into a promising field in material chemistry. The use of selfassembled organic superstructures, organic additives, and templates with complex functionalization patterns is especially promising because it allows for the generation of controlled morphologies and architectures from water under near-natural conditions. Several kinds of organic additives have been used as crystal modifiers to direct the nucleation and growth from aqueous solution, such as polyacrylamide (PAAm) [12] , triblock copolymer (EO 106 PO 70 EO 106 ) [13] , poly(acrylamide-co-eacrylamido-2-methyl-1-propanesodium sulfonate-co-n-vinyl pyrrolidone) [14] and polystyrene sulfonate [15] have been used for the crystallization and growth of highly ordered ZnO, BaCrO 4 , BaSO 4 , CaCO 3 etc. Control over crystallization is one of the most important techniques in modern materials design because its potential of producing well-defined particles, fibers, tubes, rods, wires, and rings with unique structures in nanometer or micrometer level. Whereas large-scaled crystals in the centimeter scales have not been reported, such as centimeter scaled PPy fibers. Despite the variety of current synthetic approaches to PPy fibers and applications of PAAm in crystal growth, it is still necessary to propose a practically synthetic method capable of making long PPy fibers in bulk quantities. Such a synthetic method of PPy fibers depending on ultra-large, three-dimensional (3D) structures is expected to be useful in sensors and probes.
In the present study, we report a facile synthesis of centimeter-scaled PPy fibers by a low-temperature, environmentally benign, solution-phase approach in the presence of oligo-polyacrylamide (oligo-PAAm) as growth modifier. The molecular structure of the fibers are detected by Fourier transform infrared (FTIR) and ultraviolet-visible (UV-vis) spectrophotometers. The uniquely electrical and electrochemical properties are also investigated.
Results and discussion
Information about the structure of PPy fibers was obtained from the FTIR spectrum. In Fig. 1a , characteristic peaks of PPy obtained from the wet method polymerization, are observed from 3000 to 600 cm -1 , indicating that the main components of PPy fiber have the same chemical structures with that of traditional PPy powders. The peak at 790 cm -1 is characteristic of the C-H out-of-plane bending mode. The band assigned to the C-H in-plane deformation vibration of pyrrole rings appears at 1042 cm -1 [16] . The bands observed at 1455 cm -1 presents the C-N stretching vibration, and this is in agreement with literature [17] . The peak appears at 1545 cm -1 comes from the C=C stretching vibration. The weak band around 1705 cm -1 is normally attributed to the C=O stretching, which suggests that the pyrrole rings are lightly overoxidized [16, 17] . The bands at 1300 and 930 cm -1 may be assigned to the doped bands. The integrated peak intensities of 1545 cm -1 against 1455 cm -1 are associated with the C=C/C-C stretching modes of PPy, which relates to the effective mean π-conjugation along the polymer chains, namely, the stronger the peak intensity at 1545 cm -1 , the longer the conjugation lenglth of the PPy backbone [18] . UV-vis spectroscopy is used to observe the optical properties of the PPy fibers (Fig.  1b) . For intrinsic PPy fiber, an electronic band is found at about 410 nm. This band originate from the π-π* transition of its conjugated segments [19] . In the UV-vis spectrum of doped PPy fiber, this band shifts to approximately 470 nm. The red shift is an indication of involvement of the dopant ion in the PPy chains [20] . Bredas et al. [21] demonstrated that the absorption spectra of doped PPy could be explained in terms of initial polaron formation and then bipolaron formation on the PPy chains. The absorption band above 1000 nm indicates to the presence of bipolaron [21] .
Fig. 2. Representative macromorphology of large-scaled PPy fibers (a).
The inset is the SEM image of single fiber. SEM image of the surface of PPy fiber.
We prepared large numbers of PPy fibers using oligo-PAAm as crystal growth modifier, they were collected and photographed by a digital camera. As shown in Fig.  2a , in an optimized condition, the resultant PPy fibers have a diameter of approximately 300 μm (inset) and length varying from millimeters to several centimeters, and the longest fiber is about 4 cm. Fig. 2b shows the surface image of the PPy fiber with SEM. It can be seen that many wedge shaped crystals precipitate from the fiber surface. The crystals may be the precipitations of residual potassium sulfate produced from KPS. Conjugated polymers, such as PPy, can be oxidized and reduced in a way that is in principle similar to the redox polymers [22] . During reduction, anionic sites are formed that require cations for charge compensation (or anion expulsion Cyclic voltammetry was carried out in acetonitrile solution of 0.1 M LiClO 4 , 10 mM LiI, 1 mM I 2 to determine the electrochemical nature of the PPy fibers. From Fig. 3a , we can see that the absolute values of cathodic peak currents are the almost same as that of the corresponding anodic peak currents. The cathodic peak gradually and regularly shifts to the negative direction and the corresponding anodic peak shifts to the positive direction with increasing scan rate. By plotting the cathodic and anodic peak currents against the square root of the scan rate, the good linear relationship (inset in Fig. 3a ) with various scan rates indicates no transition in the mass transfer regime on the explored timescale [23] and the diffusion limitation of the redox reaction on PPy electrode, which may be connected with transport of iodide species out of the PPy electrode surface [24] .
The conduction mechanisms for conducting polymers have been investigated from various models related to temperature dependence of electrical conductivity. Greaves [25] suggested the phonon-assisted hopping mechanism applied for amorphous materials in general temperature ranges as in equation:
To investigate the conduction mechanism of PPy fiber, we plot the temperature dependence of electrical conductivity for PPy fibers. The result shows that the plot of Greaves's model has most linear behavior over the entire measured temperature range, as shown in Fig. 3b . So, it is suggested that the transport properties of PPy fibers should be dominantly characterized by hopping, which is due to microscopic scale disorder.
Conclusions
In summary, we designed a simple route to synthesize centimeter-scaled PPy fibers by an aqueous oxidative polymerization of pyrrole monomers in the presence of oligo-PAAm. FTIR and UV-vis spectra revealed that the PPy fibers were in their conductive state. The electrochemical property of PPy fibers was carried out by cyclic voltammogram, which showed a small charge-transfer resistance and high electrocatalytic activity for the I 2 /I -redox reaction. Peak currents plotted against the square root of scan rates exhibited a linear dependence, indicating that the electron hopping between redox sites homogeneously distributed in an isotropic medium. The conduction mechanism was proved to obtain hopping transport from temperature dependence of conductivity. The simplicity of mild solution process, cheapness, and availability of raw materials, without the need of catalyst, are advantages favoring the scaling-up of the novel method.
Experimental part

Materials
Pyrrole (purity > 99 %) monomer was distilled under reduced pressure prior to use. Acrylamide was used without any purification. Potassium peroxydisulfate (KPS) as a radical initiator for the polymerization reaction of acrylamide to oligo-PAAm and the growth of pyrrole to PPy, was purified by a recrystallization from 66 wt. % ethanol/water solution. N,N'-Methylene bisacrylamide (NMBA) was used as a crosslinker for preparation of oligo-PAAm. Dehydrated FeCl 3 was used as the dopant for conducting PPy fibers. The above materials were all purchased from Shanghai Chemical Reagents Co., China. All aqueous solutions were prepared in 18 MΩ water obtained by purification of deionized water with a Millipore Milli-Q system.
Growth of PPy fibers
In a typical procedure, 1 ml pyrrole monomer and 15 g of acrylamide were added into a 150-ml baker. The mixed solution was then vacuum-degassed for 30 min. NMBA of 0.01 g was added to the above mixture solution. Then KPS of 0.03 g and 30 ml of FeCl 3 solution [FeCl 3 (mol)/pyrrole(mol) = 2.0] was added to the mixed solution consisting of pyrrole monomer and acrylamide monomer and crosslinker NMBA. Under a surrounding atmosphere, the reaction mixture was stirred and heated to 80 ºC in a water bath for 30 min until all the KPS was dissolved and black PPy was formed. The resultant plasma was immediately put in an ice-cold vessel for the nucleation and growth of PPy fibers without stirring. After around 6 h, the resultant PPy were carefully separated and rinsed lightly with deionized water and acetone. Then, resulting black PPy fibers were obtained after drying in a vacuum desiccator for further measurement and characterization.
Measurement of conductivity
The conductivity of sample was determined by milling and pressing the sample in sheet (diameter: 13 mm, thickness: 1 mm) under 14 MPa with a Carver model C Press and measuring by using a standard four-probe method with a Keithley 196 System DMM digital multimeter. Each experiment was repeated three times with errors of approximately ± 2.5 %, and an average value was recorded.
Characterizations
The PPy samples were mounted on metal stub, coated with gold, its morphology was observed and photographed by a scanning electron microscopy (SEM). The PPy samples were dissolved in deionized water and measured using a UV-3100 UV-vis spectrophotometer (Shimadzu Corporation, Japan). The Fourier transform infrared spectra (FTIR) of samples were recorded by a Nicolet Impact 410 FTIR spectrophotometer using KBr pellets. Electrochemical measurements of the PPy fibers were performed with a three-electrode electrochemical cell using a CHI660C potentiostat. In acetonitrile solution containing 0.1 M LiClO 4 as the supporting electrolyte and 10 mM LiI, 1 mM I 2 , this system consisted of PPy samples as the working electrode, a 1.5 mm-diameter platinum foil as the counter electrode, and an Ag/AgCl as the reference electrode.
